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Xo (mm)

Zo(mm)| 200 | 210 | 220 | 230
_ 75 | 049 | 059 | 069 | 0.83
6 ¢ (a) 85 | 051 | 06 | 071 | 0.83
95 | 053 | 064 | 074 | 0.85
105 | 06 | 068 | 078 | 0.89

Xo (mm)

Zo(mm)| 200 | 210 | 220 | 230
. 75 | 3.7% | 3.6% | 3.5% | 3.3%
- I, [¢(0) 85 | 30% | 29% | 29% | 2.8%
95 | 30% | 2.3% | 22% | 2.3%
105 | 1.7% | 16% | 16% | 1.8%

Xo (mm)

Zommy| 200 | 210 | 220 | 230
B 75 055 | 052 | 049 | 0.45
FlG. 1 4 (c) 85 049 | 0.46 | 043 | 0.40
95 044 | 039 | 036 | 0.34
105 | 033 | 032 | 029 | 027
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X1 (mm)

Zo (mm)] 170 180 190 200
. | 75 0.69 0.82 0.94 1.08
F16.23(a) 85 | 064 | 075 | 087 | 0.99
95 0.59 0.7 0.81 0.92
105 0.55 0.65 075 | 0.87

X4 (mm)
Zo(mm)| 170 | 180 ] 190 | 200
75 | 11.1% | 97% | 8.9% | 7.2%
i 230 85 | 11.7% | 10.2% | 8.8% | 7.4%
95 | 12.4% | 109% | 94% | 7.8%
105_| 13.4% | 11.7% | 10.2% | 8.5%

X1 (mm)

Zo(mm)| 170 | 180 | 190 | 200
75 | 047 | 039 | 034 | 0.28

(-, 23(c) 85 | 045 | 038 | 032 | 026

95 | 044 | 036 | 030 | 0.24

105 | 042 | 035 | 029 | 022
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METHOD AND APPARATUS FOR
CONTROLLING THE MAGNETIC FIELD
INTENSITY IN A PLASMA ENHANCED
SEMICONDUCTOR WAFER PROCESSING
CHAMBER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit Japanese patent applica-
tions serial number 2001-335364, filed Oct. 31, 2001, and
serial number 2001-206905, filed Jul. 6, 2001, which are
herein incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a magnetism generator, in a
plasma enhanced semiconductor wafer processing chamber,
for generating a magnetic field in a reaction chamber.

2. Description of the Related Art

Some of the semiconductor manufacturing chambers such
as a dry etching chamber and a chemical vapor deposition
(CVD) chamber manufacture semiconductor devices with
plasma formed in a reaction chamber. Some of such semi-
conductor wafer processing chambers are of a type in which
a magnetic field is produced within the reaction chamber by
providing a plurality of electromagnets around the reaction
chamber to accelerate formation of the plasma.

With this conventional technique however, the intensity
of the magnetic field tends to be greater on the edge of a
wafer placed in the reaction chamber than in the center of the
wafer. Therefore, when this method of producing a magnetic
field is applied to the dry etching chamber, there is a problem
that the etch rate and the selectivity are not uniform over the
wafer surface. When the method is applied to a CVD
chamber, there is a problem of nonuniformity in the film
formation upon the wafer surface. Still another problem is
that the electrical components formed on the wafer suffer
charging damage due to a non-uniform plasma density.

Therefore, there is a need in the art for a method and
apparatus for controlling a magnetic field in a semiconductor
wafer processing chamber.

SUMMARY OF THE INVENTION

The present invention is a magnetic field generator in a
semiconductor wafer processing chamber comprising a sup-
porting member for supporting a substrate placed in a
reaction chamber and a plasma forming means for forming
plasma in the reaction chamber, to generate a magnetic field
in the reaction chamber to accelerate the plasma formation.
The plasma forming means comprises a plurality of main
magnetic coil sections for forming a magnetic field generally
parallel to the top surface of the supporting member, and a
plurality of sub-magnetic coil sections, placed generally
coaxially with the main magnetic coil sections, for forming
a magnetic field opposite in direction to the magnetic field
formed with the main magnetic coil sections.

According to the invention, currents are applied to the
main and sub magnetic coil sections in such a manner that
the magnetic field produced with the main magnetic coil
sections is opposite in direction to the magnetic field pro-
duced with the sub-magnetic coil sections. As a result, the
magnetic field of one polarity is superimposed on magnetic
field of opposite polarity, and a differential between the
magnetic fields produced with the main magnetic coil sec-
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2

tions and the magnetic field produced with the sub-magnetic
coil sections is suppressed. This makes it possible to form
optimum or magnetic field intensity distribution by regulat-
ing electric currents applied to the main magnetic coil
sections and to the sub-magnetic coil sections.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present invention are attained and can be understood in
detail, a more particular description of the invention, briefly
summarized above, may be had by reference to the embodi-
ments thereof which are illustrated in the appended draw-
ings.

It is to be noted, however, that the appended drawings
illustrate only typical embodiments of this invention and are
therefore not to be considered limiting of its scope, for the
invention may admit to other equally effective embodi-
ments.

FIG. 1 is a general constitutional drawing of a dry etching
chamber as an embodiment of a semiconductor manufac-
turing chamber according to the invention.

FIG. 2 is a constitutional drawing of a magnetic field
generator of the dry etching chamber shown in FIG. 1.

FIG. 3 is a side view of the main magnetic coil section and
the sub-magnetic coil section shown in FIG. 2.

FIG. 4 is a model drawing of an example of magnetic field
intensity distribution produced with a pair of magnetic coils.

FIG. 5 is a model drawing of an example of etch rate
distribution.

FIGS. 6(a) and 6(b) respectively show model graphs of
instantaneous magnetic field intensity distribution and AVdc
distribution when a sine curve current is applied to a
magnetic coil.

FIGS. 7(a)and 7(b) respectively show model graphs of
magnetic field intensity distribution and AVdc distribution
with a CMF constitution.

FIG. 8 is a model drawing showing a main magnetic coil
section and a sub-magnetic coil section.

FIG. 9 shows an example of magnetic field intensity
distribution produced by the use of a main magnetic coil
section and a sub-magnetic coil section.

FIG. 10 shows a model graph of an instantaneous mag-
netic field intensity distribution when sine curve currents are
applied to the main and sub-magnetic coil sections and a
graph of the change in the magnetic field intensity when the
current applied to the sub-magnetic coil is changed in the
model.

FIG. 11 shows a simple design example of a sub-magnetic
coil suitable for an actual reaction chamber.

FIG. 12 shows a magnetic field produced with a linear
electric wire.

FIG. 13 shows the bar component of a magnetic field
produced with a magnetic coil.

FIG. 14 shows the bar component of a magnetic field
produced with a single magnetic coil.

FIG. 15 shows the bar component of a magnetic field
produced with a set of main and sub-magnetic coils.

FIG. 16 shows the state when two sets of main and
sub-magnetic coils are used.

FIG. 17 shows the bar component of a magnetic field
produced with two sets of main and sub-magnetic coils.

FIGS. 18(a), 18(b) and 18(c) respectively show tables of
relations of the sub-magnetic coil dimensions to the opti-
mum current ratios in the bar component, the magnetic field
uniformity, and the relative magnetic field intensity in the
wafer center, for the bar component.
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FIG. 19 shows the pole component of the magnetic field
produced with the magnetic coil.

FIG. 20 shows the magnetic field intensity distribution of
the pole component occurring in the diagonal direction
without a sub-magnetic coil is provided.

FIG. 21 shows the magnetic field intensity distribution of
the pole component occurring in the diagonal direction when
a sub-magnetic coil is provided.

FIG. 22 shows a constitution of an optimum sub-magnetic
coil.

FIGS. 23(a), 23(b) and 23(c) respectively show tables of
relations of the sub-magnetic coil dimensions to the opti-
mum current ratios in the bar component, the magnetic field
evenness, and the relative magnetic field intensity in the
wafer center, for the pole component.

FIGS. 24(a) and 24(b) respectively show the optimum
current ratio in the bar component and in the pole component
of the sub-magnetic coil.

FIG. 25 shows an example of sub-magnetic coil dimen-
sions determined by the method shown in FIG. 24.

FIG. 26 shows an instantaneous state when sine mode of
electric currents are supplied to the main and sub-magnetic
coil sections.

FIG. 27 shows the magnetic field intensity characteristics
appearing on the wafer in the state shown in FIG. 26.

FIG. 28 shows the state when CMF mode of currents are
applied to the main and sub-magnetic coil sections.

FIG. 29 shows the magnetic field intensity characteristics
appearing on the wafer in the state shown in FIG. 28.

FIG. 30 shows the characteristics when the magnetic field
intensity in the center and on the edge of the wafer are 0 G
with the magnetic field intensity characteristics shown in
FIG. 27.

FIG. 31 shows the characteristics when the magnetic field
intensity in the center and on the edge of the wafer are 20 G
with the magnetic field intensity characteristics shown in
FIG. 27.

FIG. 32 shows the currents, in the current pattern shown
in Table 3, supplied only to one set of the main and
sub-magnetic coil sections.

FIG. 33 shows the currents, in the current pattern shown
in Table 3, supplied to four sets of the main and sub-
magnetic coil sections.

FIG. 34 shows the currents, in the current pattern shown
in Table 4, supplied only to one set of the main and
sub-magnetic coil sections.

FIG. 35 shows the currents, in the current pattern shown
in Table 5, supplied to four sets of the main and sub-
magnetic coil sections.

FIG. 36 shows example measurements related to the
uniformity of the etch rate on the wafer.

FIG. 37 shows a magnetic field generator as another
embodiment of the invention.

DETAILED DESCRIPTION

FIG. 1 is a general drawing of a dry etching chamber as
an embodiment of the semiconductor wafer processing
chamber according to the invention. As shown, an etching
chamber 1 has a reaction chamber 2 evacuated with a pump
(not shown) down to a low pressure. A lid 24 serving as part
of the reaction chamber 2 is used as an upper electrode and
grounded. The lid 2a is provided with a gas inlet 256 for
supplying etching gas to the interior of the reaction chamber
2. A support pedestal 3 for supporting a wafer W in the
reaction chamber 2 serves as a lower electrode. An RF
power supply 5 is connected to the support pedestal 3
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4

through a match unit 4 to supply electric power (such as
13.56 MHz) to the support pedestal 3 and produce plasma in
the reaction chamber 2.

To perform an etching process with the etching chamber
1, a wafer W is transferred into the reaction chamber 2 using
a transfer robot (not shown) and placed on the support
pedestal 3, and radio frequency electric power is applied by
the RF power supply 5 to the support pedestal 3 while
introducing an etching gas through the gas inlet 25 into the
reaction chamber 2. Then, plasma discharge occurs between
the support pedestal 3 and the lid 2a, the etching gas is
activated, and the surface of the wafer W is etched.

The etching chamber 1 comprises a magnetic field gen-
erator 6 that produces a magnetic field in the reaction
chamber 2 for accelerating the plasma formation described
above. The magnetic field generator 6 is placed as shown in
FIGS. 1 to 3 around the reaction chamber 2 and comprises,
a plurality (four) of main magnetic coil sections 7 placed
around the reaction chamber 2 to produce a magnetic field
nearly parallel to the top surface of the support pedestal 3,
and four sub-magnetic coil sections 8 placed on nearly the
same axis J as the respective main magnetic coil sections 7
to produce a magnetic field opposite in direction to the
magnetic field produced with the main magnetic coil sec-
tions 7.

The main magnetic coil sections 7 and the sub-magnetic
coil sections 8 are formed by winding wires along a rect-
angular frame 9. The wires of the magnetic coil sections 7
and 8 are wound in the same direction.

The sub-magnetic coil section 8 is made smaller in size
than the main magnetic coil section 7 by making the
sub-magnetic coil section 8 lower in height than the main
magnetic coil section 7. Here, in order to make the sub-
magnetic coil section 8 smaller in size than the main
magnetic coil section 7, both of the vertical and lateral
dimensions of the sub-magnetic coil section 8 may be made
smaller than those of the main magnetic coil section 7.
However, since a load lock chamber and other chambers are
placed around the reaction chamber 2, the space around the
reaction chamber 2 for placing the main and sub-magnetic
coil sections 7 and 8 is limited. Therefore, it is efficient to
reduce only the height dimension of the sub-magnetic coil
section 8.

The sub-magnetic coil section 8 may be placed nearer to
the reaction chamber 2 than the main magnetic coil section
7. Both ends of the sub-magnetic coil section 8 are provided
with bent portions 8a bent toward the reaction chamber 2.

A current supply 10 is connected to the main magnetic
coil section 7. A current supply 11 is connected to the
sub-magnetic coil section 8. In this way, currents applied to
the main and sub-magnetic coil sections 7 and 8 may be set
individually.

The frame 9 provided with the main and sub-magnetic
coil sections 7 and 8 is formed with cooling passages (not
shown) to which are connected cooling pipes 12. As cooling
water (or another form of coolant) is made to flow through
the cooling pipes 12 and through the cooling passages in the
frame 9, the main and sub-magnetic coil sections 7 and 8 are
cooled. Incidentally, cooling air may be used in place of
cooling water.

Optionally, the magnetic field generator 6 has a plurality
(five) light sensors 13 in positions on the lid 2a of the
reaction chamber 2, and a controller 14 connected to respec-
tive light sensors 13. The lid 2q is provided with plurality of
windows 15 in positions corresponding to the central and
edge positions of the wafer W supported on the support
pedestal 3. The light sensors 13 are placed on respective
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windows 15. The light sensors 13 detect process character-
istics in the center and plurality of edge positions on the
wafer W by casting light onto the wafer W, receiving the
reflected light, converting the light intensity into electric
signals, and sending the signals to the controller 14. The
controller 14 detects the process characteristics at the plu-
rality of positions on the wafer W from the data detected
with the light sensors 13, controls the current supplies 10
and 11 according to the process characteristics detected, and

6

meaning as those in Table 1. Since continuous angular
rotation is difficult in this case, states of the phases 1, 2, 3,
and 4 are switched in steps to obtain uniform results.

Next will be described the idea of improving the magnetic
field intensity distribution using the sub-magnetic coil sec-
tions in the etching chamber provided with the magnetic
field generator described above.

As for the etching process in general, one of the major
causes of non-uniformity in the etch rate across the wafer

controls the magnetic field intensity distribution in the 10 surface is the non-unifonnity in the magnetic field intensity
reaction chamber 2. Alternatively, the light sensors 13 may distribution. FIG. 4 is a model drawing of an example of
detect light emissions from the plasma and send the elec-  magnetic field intensity distribution produced across a wafer
trical signal indicative of the light measurements to the with a pair of magnetic coils. As shown, the magnetic field
controller 14. intensity on the edges (Y=x16 cm) of the wafer located near
During processing of the wafer W, electric currents are 15 the magnetic coil are higher by about 50% than the magnetic
supplied from the current supplies 10 and 11 to the four sets field intensity in the wafer center. As shown in FIG. 5, the
of the magnetic coil sections 7 and 8 to produce a magnetic ~ magnetic field intensity distribution has correlation with the
field nearly parallel to the wafer W. The magnetic field may distribution of the etch rate.
be rotated in steps or continuously about the wafer W. The FIG. 5 is a model drawing of etch rate distribution of a
angular direction of rotation and intensi.ty of the magnet%c 20 high aspect ratio recipe, specifically using an etching gas,
ﬁe.ld are.dependent on the currents applied to the magnetic mixture of gasses C,, Fy, O,, and Ar, with the internal
coil sections 7 and 8. pressure of the reaction chamber at 40 mtorr, magnetic field
To continuously rotate the magnetic field, it is effective to intensity at 100 G (gauss), and electric power applied to the
apply to the four sets of the magnetic coil sections 7 and 8 support pedestal at 1500 W. As seen from FIGS. 4 and 5, the
electric currents in proportion to a sine function or a cosine 25 magnetic field intensity and the etch rate are increasing
function with respect to time. For example, to the four sets  toward the ends of the Y-axis, toward the magnetic coils. The
of the magnetic coil sections 7 and 8 are applied currents etch rate distribution has an asymmetric distribution along
changing with time as described below. the X-axis. This is due to the electron drift occurring in the
direction normal to the magnetic field. In practical pro-
TABLE 1 30 cesses, the magnetic field is usually rotated with a sine curve
] . ] . ] or switched with a configurable magnetic field (CMF).
Main magnetic coil section Sub-magnetic coil section . ..
The non-uniformity in the etch rate occurs even when the
1 Asin(Bt) (=x)Asin(Bt) magnetic field is rotated or switched as described above. The
2 (=A)cos(BD) (=x)(-AJeos(Br) non-uniformity in the magnetic field intensity cannot be
3 A )sin(B) (m(-Ajsin(BY) 35 eliminated by rotation because it is s tric. To obtai
4 Acos(Bt) (-x)Acos(Bt) Y ymmetric. 10 obtain a
uniform etch rate distribution with a high intensity magnetic
field, it is desirable to make the magnetic field intensity
In Table 1, ‘A’ and ‘B’ are constants, and ‘X’ is a correction distribution uniform.
factor for the sub-magnetic coil sections relative to the main 0 The magnetic field also affects the self-bias voltage (V).
magnetic coil sections, to be adjusted as required. V ;. 1s defined as a wafer potential produced by offsetting a
As for the dry etching chamber using a magnetic field, it positive current due to ions with a negative current due to
is known that the electron drift phenomenon occurs in the electrons. If the V. is not uniform across the wafer surface,
direction normal to the line of magnetic force and so a local current may occur on the wafer. Such a local current
gradient appears in the plasma density and in the potential ,_ causes charging damage on the insulation gates of MOS
distribution on the wafer. In particular, the potential distri- devices.
bution gradient on the wafer is thought to be a cause of FIG. 6(a) is a model drawing of a magnetic field intensity
charging damage and so its reduction is desirable. To obtain distribution at a moment at which the magnetic field direc-
even distribution by offsetting the electron drift effect, it is tion is at 45 degrees relative to one magnetic coil with a sine
effective to apply artificial gradient to the magnetic field. For curve electric current supplied to the magnetic coil. Here,
that purpose, the following current distribution is effective. the CMF was 1.0 and no artificial gradient is applied to the
TABLE 2
Phase 1 Phase 2 Phase 3 Phase 4
Main Sub- Main Sub- Main Sub- Main Sub-
magnetic Magnetic magnetic Magnetic Magnetic Magnetic magnetic magnetic
coil coil coil coil coil coil coil coil
section section section section section section section section
1A (-x)A YA (=xA - y(-A) (xy)(-A) (-4A) (=x)(-A)
2 (=) (x)(-A) A (=x)A YA (=A - y(-4A) (=xy)(-A)
3 YA (xy)-A) (-4A) (=x)(-A) A (=x)A YA (=xy)A
4 yA (=nA - y(-4A) (=)(-A) (-4A) (=x)(-A) A (=x)A
65

In Table 2, ‘y’ represents a parameter for the control of
magnetic field gradient. Other parameters have the same

magnetic field. FIG. 6(b) is a model drawing of AV,
distribution corresponding to the magnetic field intensity
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distribution of FIG. 6(a). As seen in FIG. 6, while the
magnetic field intensity is symmetric with respect to the
diagonal, the AV, is increasing in the direction from the
right to the left side of the graph. The drift in the magnetic
field occurs in that direction. At this time, a current causes
damage on the wafer. However, rotating the magnetic field
with a sine curve cannot avoid charging damage by com-
pensating for the non-uniformity in the AV, because the
rotating speed of the magnetic field is as slow as 20 rpm.
Therefore, the above-mentioned CMF is used.

FIG. 7(a) is a model drawing of a magnetic field intensity
distribution in a magnetic field configuration with a CMF of
0.3. FIG. 7(b) is a model drawing of AV, distribution at that
time. As seen from FIG. 7, though the magnetic field
intensity is not symmetric, the AV . is nearly symmetric.
This is because the non-uniform magnetic field of the CMF
corrects the drift effect. However, even after the correction
with the CMF, the AV, distribution is asymmetric between
the center and the edges of the wafer. This is because the
magnetic field intensity distribution has a gradient that is not
linear but curved.

As described above, the magnetic field produced with a
single magnetic coil has a gradient. The magnetic field has
a higher intensity at a point near the magnetic coil than at a
point distant from the magnetic coil. One of simple methods
of making the magnetic field uniform is to increase the size
of the magnetic coil. However, even if the dimensions of the
magnetic coil are increased by 25% in all the directions of
X, Y and Z, the reduction in the magnetic field nonunifor-
mity is only from 55% to 35%. Therefore, improving the
magnetic field uniformity with a single magnetic coil is
impracticable.

Therefore, the use of the sub-magnetic coil described
before has been devised. The concept of the sub-magnetic
coil is shown in FIG. 8. As shown, the sub-magnetic coil is
sized to be smaller than the main magnetic coil. Moreover,
the magnetic field produced with the sub-magnetic coil is
formed in the opposite direction to that produced with the
main magnetic coil.

FIG. 9 shows an example of the magnetic field intensity
distribution produced with the main magnetic coil and the
sub-magnetic coil. In FIG. 9, the main magnetic coil is 320
mm in height while the sub-magnetic coil is 200 mm in
height. In FIG. 9, the horizontal axis indicates the distance
from a reference point while the vertical axis indicates the
relative value of the magnetic field intensity. The letter P
identifies the magnetic field intensity distribution produced
with the main magnetic coil, while Q identifies the magnetic
field intensity distribution produced with the sub-magnetic
coil. The letter R identifies the resultant magnetic field
intensity distribution resulting from superimposing the mag-
netic field produced with the main magnetic coil over the
magnetism produced with the sub-magnetic coil.

As seen from FIG. 9, either the main magnetic coil or the
sub-magnetic coil produces a magnetic field intensity dis-
tribution in which the intensity gradient increases from the
center toward the edge of the wafer. Since the sub-magnetic
coil is smaller in size than the main magnetic coil, the
magnetic field intensity distribution produced with the sub-
magnetic coil is directed opposite the gradient produced
with the main magnetic coil. As a result of superimposing
the magnetic field produced with the main magnetic coil
over the magnetic field produced with the sub-magnetic coil,
the magnetic field intensity distribution is more uniform in
comparison with an arrangement without a sub-magnetic
coil.
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FIG. 10 shows a graph of magnetic field intensity at
different points on a wafer of' a model at a certain instant and
graphs of change in the magnetic field intensity at different
points on the wafer when electric current applied to the
sub-magnetic coil is changed.

In FIG. 10, the graph S90 upper right shows a magnetic
field intensity at an instant (referred to as sine 90°) at which
the magnetic field direction is at a right angle (90°) to one
main magnetic coil when a sine curve current is applied to
the magnetic coil. The graph S45 upper left shows a mag-
netic field intensity at an instant (referred to as sine 45°) at
which the magnetic field direction is at 45 degrees to one
main magnetic coil. In the graph at the lower center, the
horizontal axis indicates the relative value of electric current
applied to the sub-magnetic coil when the value of electric
current applied to the main magnetic coil is assumed to be
1, and the vertical axis indicates the magnetic field intensity.
The X-Y coordinates of the five points on the wafer surface
used for the description are: (0, 0) corresponding to the
wafer center, and (12, 12), (0, 15), (12,-12), and (15, 0)
corresponding to the edges of the wafer.

As seen from FIG. 10, when the relative current value
applied to the sub-magnetic coil is 0, or no current is applied
to the sub-magnetic coil, the magnetic field intensity varies
from point to point. On the other hand, the variance in the
magnetic field intensity among the points decreases with the
increase in the relative current value applied to the sub-
magnetic coil. When the relative current value applied to the
sub-magnetic coil is 0.7, the magnetic field intensity in all
the points are almost the same.

It is seen from the above simulation results, a uniform
magnetic field intensity distribution is obtained by control-
ling the electric current applied to the sub-magnetic coil. The
uniformity in the magnetic field intensity distribution can be
improved by appropriately choosing the ratio of current
applied to the main magnetic coil to the current applied to
the sub-magnetic coil according to the ratio of the number of
turns of the main magnetic coil to that of the sub-magnetic
coil and according to the dimensional difference between the
main magnetic coil and the sub-magnetic coil.

Next will be described the principle and dimensions of the
magnetic coils. The optimum current to be applied to the
sub-magnetic coil decreases with the decrease in the size of
the sub-magnetic coil relative to the main magnetic coil.
However, the space for the magnetic coil is restricted by the
size of the reaction chamber, the space for the slit valve,
adjacent chambers, etc.

FIG. 11 shows a simplified example of a sub-magnetic
coil suitable for a reaction chamber. Analysis of the mag-
netic field produced with the rectangular magnetic coil is
divided for convenience into that for the bar portion (along
the Y-axis) and that for the pole portion (along the Z-axis).

FIG. 12 shows the magnetic field produced with a linear
electric wire. In the figure, the magnetic field intensity at a
point is expressed with the following equation, a function of
the distance from the linear electric wire. The equation can
be used to evaluate the magnetic field intensity distribution
produced with the bar portion and the pole portion of the
sub-magnetic coil, and to evaluate the effect of the sub-
magnetic coil.

|BI=(Z/AnR)(sin P+sin B,) Equation 1

FIG. 13 shows the bar component of the magnetic field
produced with the magnetic coil. In the figure, the center of
the X-Y-Z coordinate system is assumed to be the center of
the wafer. Since the magnetic field produced with the top bar
portion and that produced with the bottom bar portion offset



US 7,316,199 B2

9

each other, the Z component of the magnetic field is zero.
Since electric current flows in the direction of the Y axis, the
Y component of the magnetic field is also zero. Therefore,
only the X component of the magnetic field is considered.
The bar component of the magnetic field produced with the
magnetic coil is about %4 of the total magnetic field produced
with the magnetic coil. The bar component of the magnetic
field causes non-uniformity in of the magnetic field intensity
distribution.

FIG. 14 shows the bar component of the magnetic field
along the X axis when a single magnetic coil is used. Here,
X, 18 220 mm, Y, is 170 mm, and Z, is 135 mm. As seen
from FIG. 14, the magnetic field intensity decreases not
linearly but along a curve.

FIG. 15 shows the bar components of the magnetic field
on the wafer when a set of main and sub-magnetic coils are
used. As for the coil dimensions, X, is 220 mm, Y, is 170
mm, and Z,, is 135 mm for the main magnetic coil and X, is
200 mm, Y, is 170 mm, and Z, is 75 mm for the sub-
magnetic coil. The parameter values (0 to 1.0) in the box in
FIG. 15 are the current values in the sub-magnetic coil
relative to that in the main magnetic coil. As seen from FIG.
15, the magnetic field intensity distribution is the closest to
be linear when the ratio of current in the sub-magnetic coil
to the current in the main magnetic coil is 0.5.

FIG. 16 shows the state when two sets of main and
sub-magnetic coils are used. FIG. 17 shows the bar compo-
nents of the magnetic field produced with the above arrange-
ment. As seen from FIG. 17, the linear gradient occurring
when the current ratio of the sub-magnetic coil is 0.5 shown
in FIG. 15 is offset, so that the bar component of the
magnetic field becomes considerably uniform (3
o/ave=3.7%). Additionally, the magnetic field intensity in
the wafer center is about half that produced without the
sub-magnetic coil.

FIG. 18(a) shows a table of relation between the sub-
magnetic coil dimensions and the optimum current ratios.
FIG. 18(b) shows a table of relation between the sub-
magnetic coil dimensions and the magnetic field intensity
non-uniformity (in the 3 o/ave in the 100 mmx100 mm
area). FIG. 18(c) shows a table of relation between the
sub-magnetic coil dimensions and the magnetic field inten-
sity at the wafer center (values relative to the wafer center’s
magnetic field without a sub-magnetic coil). Those tables are
used as guidance for designing the sub-magnetic coil. Inci-
dentally, the main magnetic coil dimensions are kept
unchanged that X, is 220 mm, Y, is 170 mm, and Z, is 135
mm. And the magnetic field uniformity is calculated in the
area of 200 mmx200 mm.

The above tables indicate that the smaller the size of the
sub-magnetic coil, the smaller the current in the sub-mag-
netic coil relative to the current in the main magnetic coil,
and so the higher becomes the magnetic field intensity.
Additionally, the magnetic field becomes uniform as the
sub-magnetic coil size increases. However, even when the
sub-magnetic coil size is the smallest (X,=200 mm, Z,=75
mm), the magnetic field uniformity (3.7%) is far better than
that (53%) without the sub-magnetic coil.

FIG. 19 shows the pole component of the magnetic field
produced with a the magnetic coil. The pole component of
the magnetic field is about 33% of total magnetic field
produced with a magnetic coil. The pole component of the
magnetic field causes non-uniformity in the diagonal direc-
tion, in particular at sine 45 degrees (described above) and
non-uniformity in the CMF constitution.

FIG. 20 shows the magnetic field intensity distribution of
the pole component produced in the diagonal direction
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without the sub-magnetic coil. In the figure are shown the
magnetic field intensity B, of the X axis direction and B, of
the Y axis direction.

FIG. 21 shows the magnetic field intensity distribution of
the pole component produced in the diagonal direction with
the sub-magnetic coil. To produce this graph, the current
ratio in the sub-magnetic coil is 1.08. As for the dimensions
of the main magnetic coil, X, is 220 mm, Y, is 170 mm, and
Z,1s 135 mm. The dimensions of the sub-magnetic coil are:
X518 200 mm, Y, is 170 mm, and Z, is 75 mm. As seen from
FIG. 21, use of the sub-magnetic coil results in almost linear
gradient of the magnetic filed intensity distribution. How-
ever, the current ratio of 1.08 of the sub-magnetic coil does
not agree with the optimum current ratio of 0.53 of the
sub-magnetic coil for the above-described bar component.

To solve such an undesirable situation, the height Z, of the
sub-magnetic coil is optimized and also as shown in FIG. 22,
both ends of the sub-magnetic coil are provided with bent
portions. Incidentally, X, is the X coordinate at the tip of the
bent portion.

FIG. 23 shows tables, for the pole component, of relations
of the sub-magnetic coil relative to the optimum current,
magnetic field uniformity, and relative magnetic field inten-
sity. As seen from FIG. 23(a), the optimum current ratio
decreases with, the increase in the amount of bend (smaller
X,) and with the increase in the sub-magnetic coil height Z,,.

The tables shown in FIGS. 18 and 23 are useful for
designing the sub-magnetic coil having both of the bar
component and the pole component. FIG. 24 shows a
method for determining dimensions of the sub-magnetic
coil. FIG. 24(a) shows the optimum current ratio in the bar
component of the sub-magnetic coil. FIG. 24(b) shows the
optimum current ratio in the pole component of the sub-
magnetic coil.

From FIG. 24(a), when X, is 220 mm and Z, is 90 mm,
the optimum current ratio in the bar component of the
sub-magnetic coil is known as 0.73. In order to obtain the
same current ratio in the pole component of the sub-
magnetic coil here, X, should be 185 mm as seen from FIG.
24(b). Therefore, one of the optimum dimensional combi-
nations conceivable of the sub-magnetic coil consists of
dimensions, X,=220 mm, Z,=90 mm, and X ;=185 mm as
shown in FIG. 25.

Next will be described a specific method of controlling
the magnetic field intensity distribution by controlling the
electric currents supplied to the main and sub-magnetic coils
constituted as described above.

There are mainly two methods of applying current to the
main and sub-magnetic coils. One is a sine mode in which
current is applied in proportion to a sine or cosine function
so that the magnetic field is rotated. The other is a CMF
mode in which current is applied to switch the magnetic field
with a gradient given to the magnetic field.

FIG. 26 shows the state of the magnetic field direction
being sine 0 degree when sine mode currents are applied to
the main magnetic coil section 7 and to the sub-magnetic
coil section 8. Here, P, indicates the center of the wafer W,
and P, indicates any edge position of the wafer W.

FIG. 27 shows the measurements of magnetic field inten-
sity produced on the wafer W in the above setting. In FIG.
27, the horizontal axis represents the current value applied
to the sub-magnetic coil section 8 and the vertical axis
represents the current value applied to the main magnetic
coil section 7. In the figure, the solid lines indicate the
magnetic field intensity (0 to 40 G) in the center P, of the
wafer W, and the broken lines indicate the magnetic field
intensity (0 to 40 ) in the edge position P, of the wafer W.
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Here, if the currents applied to the main magnetic coil
section 7 and to the sub-magnetic coil section 8 are chosen
so that the solid lines and the broken lines intersect each
other (at the black dots in the figure), the magnetic field
intensity at the center P, and the edge position P, of the
wafer W are equalized.

FIG. 28 shows the state when electric currents in the CMF
mode are applied to the main magnetic coil section 7 and to
the sub-magnetic coil section 8. In the figure, P, indicates the
center of the wafer W, P, indicates any edge position of the
wafer W, and P; indicates a position opposite the P, beyond
the center P, of the wafer W. Incidentally, the CMF com-
pensation values for the main and sub-magnetic coil sections
7 and 8 need not necessarily be made the same as each other.

FIG. 29 shows the measurements of the magnetic field
intensity produced on the wafer W in the above setting. The
horizontal and vertical axes of FIG. 29 are the same as those
of FIG. 27. In the figure, the solid lines indicate the magnetic
field intensity (0 to 30 G) in the center P, of the wafer W, the
broken lines indicate the magnetic field intensity (0 to 40 G)
in the edge position P, of the wafer W, and the dash-and-
dotted lines indicate the magnetic field intensity (0 to 40 G)
in the edge position P of the wafer W. In the CMF mode,
it is preferable to choose the currents supplied to the main
and sub-magnetic coil sections 7 and 8 so that

B(P)=(B(P2)+B(F3))/2

where, B(P,), B(P,), and B(P;) are the magnetic field
intensity values respectively at positions P,, P,, and P, on
the wafer W.

FIG. 30 shows the characteristics when the magnetic field
intensity values at the center P, and the edge position P, in
FIG. 27 are 0 G. In the figure, when the current supplies to
the main and sub-magnetic coil sections 7 and 8 are set as
A, and A,, magnetic field intensity values produced are 0 G
in the center of the wafer W and higher than 0 G on the edge
of the wafer W. When the current supplies to the main and
sub-magnetic coil sections 7 and 8 are set as A; and A,
magnetic field intensity values produced are O G on the edge
of'the wafer W and higher than O G in the center of the wafer
W. It is also possible to produce a W-shape magnetic field
intensity distribution in which the intensity is 0 G in the
center and in the area other than the edge, by choosing the
current supplies to the main and sub-magnetic coil sections
7 and 8 within the hatched area in the figure.

Incidentally, the magnetic field intensity distribution does
not necessarily agree with the etch rate distribution. Some-
times the etch rate distribution becomes non-uniform due to
factors such as the distribution of electric power supplied to
the support pedestal 3 and due to the flow rate distribution
of the etching gas supplied to the chamber 2. This embodi-
ment of the invention makes it possible to produce versatile
magnetic field as described above by supplying electric
currents to the main and sub-magnetic coil sections 7 and 8
so that the magnetic field intensity of 0 G is produced.
Therefore, it is possible to obtain a uniform etch rate by
regulating the magnetic field intensity distribution according
to the etch rate distribution. Furthermore, the magnetic field
intensity may be adjusted to produce a magnetic field that
compensates for plasma anomalies caused by non-unifor-
mities in power distribution, gas injection, backside gas
leakage, gas exhaust, and the like. Thus the coil and counter
coil combination may be used to compensate for plasma
non-uniformities that have causes that are not related to the
plasma generation magnetics.
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FIG. 31 shows the characteristics when the magnetic field
intensity at the center P, and the edge position P, in FIG. 27
is 20 G. In the figure, when the current supply to the main
magnetic coil section 7 is set as B, and no current is supplied
to the sub-magnetic coil section 8, the magnetic field inten-
sity distribution becomes such that the intensity is 20 G in
the center of the wafer W, and higher than 20 G on the edge.
When the current supply to the main and sub-magnetic coil
sections 7 and 8 is set as B,, the magnetic intensity in the
center of the wafer W remains to be 20 G, and the magnetic
intensity is lower than that produced with the current B,.
When the current supply to the main and sub-magnetic coil
sections 7 and 8 is set as B;, the magnetic intensity is 20 G
both in the center and on the edge of the wafer W. When the
current supply to the main and sub-magnetic coil sections 7
and 8 is set as B,, the magnetic intensity distribution
becomes such that the intensity in the center of the wafer W
is 20 G and that on the edge is lower than 20 G.

Supplying currents to the main and sub-magnetic coil
sections 7 and 8 so that the magnetic field intensity is 20 G
as described above makes it possible not only that the
intensity is higher on the edge of the wafer W than in the
center, but also that the intensity is higher in the center than
on the edge, and also that the intensity is equal in the center
and on the edge of the wafer W.

Next will be described several patterns of current as
applied to four sets of the main and sub-magnetic coil
sections 7 and 8. In a first electric current pattern, currents
varying with time as described below are supplied to the
main and sub-magnetic coil sections 7 and 8.

TABLE 3

Main magnetic coil section Sub-magnetic coil section

sin(at)
cos(at)
(—sin(at))
(—cos(at))

CF x (-sin(at))
CF x (-cos(at))
CF x sin(at)
CF x cos(at)

N S

In Table 3, “a’ is a constant, and CF is a correction factor
for the sub-magnetic coil section 8 to be adjusted as required
relative to the main magnetic coil section 7. In the above
pattern, currents supplied only to one set of the main and
sub-magnetic coil sections 7 and 8 are shown in FIG. 32, and
currents supplied to four sets of the main and sub-magnetic
coil sections 7 and 8 are shown in FIG. 33.

Using the above pattern of currents, even when the etch
rate is non-uniform between the center and the edge of the
wafer W, the etch rate may be equalized by changing the
correction factor CF.

In the second pattern, currents varying with time as
described below are supplied to the main and sub-magnetic
coil sections 7 and 8.

TABLE 4

Main magnetic coil section Sub-magnetic coil section

(CF,(cos(2at)? + CF,(sin(2at)?))
X (—sin(at))

(CF,(cos(2at)? + CF,(sin(2at)?))
X (—cos(at))

(CF,(cos(2at)? + CF,(sin(2at)?))
X sin(at))

(CF,(cos(2at)? + CF,(sin(2at)?))
X cos(at))

1 sin(at)
2 cos(at)
3 (—sin(at)

4 (—cos(at)
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In Table 4, ‘a’ is a constant, and CF, and CF, are
correction factors for the sub-magnetic coil section 8 to be
adjusted as required relative to the main magnetic coil
section 7. CF, represents correction the factor in the direc-
tions of 0, 90, 180, and 270 degrees, and CF, represents the
correction factor in the directions of 45, 135, 225, and 315
degrees. FIG. 34 shows only the current supplied to one set
of the main and sub-magnetic coil sections 7 and 8.

Using the above pattern of currents, even when the
etching speeds in the directions of 0, 90, 180, and 270
degrees are different from those in the directions of 45, 135,
225, and 315 degrees when any one direction of the wafer
W is assumed to be 0 degree, the rate may be adjusted to be
equal to each other by changing the correction factors CF,
and CF,.

In the third pattern, currents varying with time as
described below are supplied to the main and sub-magnetic
coil sections 7 and 8.

TABLE 5

Main magnetic coil section Sub-magnetic coil section

sin(at) x CF;
cos(at) x CF,
(-sin(at)) x CF;
(-cos(at)) x CF,

CF x (-sin(at) x CF;
CF x (-cos(at) x CF,
CF x sin(at) x CF;
CF x cos(at) x CF,

Bowro o~

In Table 5, ‘a’ is a constant, and CF,, CF,, CF;, and CF,
are correction factors. CF is a correction factor for the
sub-magnetic coil section 8 relative to the main magnetic
coil section 7. The correction factors CF,, CF,, CF;, CF, and
CF are adjusted as required. Currents supplied to the four
sets of the main and sub-magnetic coil sections under
conditions of CF,=CF,=1, and CF;=CF =1 are shown in
FIG. 35.

Using the above pattern of currents, even when the etch
rate is nonuniform (asymmetric) in one region relative to
other region of the wafer W, the etching speed distribution
may be adjusted to be even by changing the correction
factors CF,, CF,, CF;, and CF,,.

In order to actually adjust the etch rate distribution on the
wafer W, the controller 14 immediately extracts the etch rate
on the wafer W on the basis of signals detected with the light
sensors 13 provided on the reaction chamber 2, and accord-
ing to the result, chooses an electric current pattern so that
the etch rate distribution becomes uniform and also deter-
mines the correction factors. Additionally, the respective
current supplies 10 and 11 are controlled so that the currents
determined as described above are supplied to the main and
sub-magnetic coil sections 7 and 8. In this manner, the
magnetic field intensity distribution on the wafer W is
automatically controlled, so that the etch rate distribution on
the wafer W becomes uniform. Incidentally, it may also be
arranged that the measurements are performed after etching
the wafer W to provide feedback for processing the suc-
ceeding wafers.

Example measurements of the etch rate distribution on the
wafer are shown with black dots in FIG. 36, with the
horizontal axis representing the ratio of the magnetic field
intensity at the wafer center to that of the wafer edge and the
vertical axis representing the non-uniformity of the etch rate
distribution, and with currents in the sine mode applied to
the four sets of the main and sub-magnetic coil sections.
From the results, it is estimated that the non-uniformity of
the etch rate distribution becomes about 0% when the ratio
of the magnetic field intensity at the wafer center to that at
the wafer edge is 1.25.
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As described above, the magnetic field generator 6 of this
embodiment is provided with the sub-magnetic coil section
8 in addition to the main magnetic coil section 7, and the
electric current is applied to the sub-magnetic coil section 8
in a direction opposite of the direction of the electric current
applied to the main magnetic coil section 7, so that the
direction of the magnetic field produced with the main
magnetic coil section 7 is opposite of the direction of the
magnetic field produced with the sub-magnetic coil section
8. Since the magnetic fields of opposite directions are
superimposed on each other, a magnetic field of a differential
intensity between the intensity produced with the main
magnetic coil section 7 and the sub-magnetic coil section 8
appears on the wafer W.

Since the sub-magnetic coil section 8 is smaller in size
than the main magnetic coil section 7, the gradient of the
magnetic field intensity distribution produced with the sub-
magnetic coil section 8 is steeper than that produced with the
main magnetic coil section 7. Since the sub-magnetic coil
section 8 is placed nearer to the wafer W than the main
magnetic coil section 7, and since both ends of the sub-
magnetic coil section 8 are provided with bent portions 8a,
the gradient of the magnetic field intensity distribution
produced with the sub-magnetic coil section 8 tends to be
further steeper than that produced with the main magnetic
coil section 7. Thus, as the magnetic field intensity distri-
bution produced with the main magnetic coil section 7 is
offset by the magnetic field intensity distribution produced
by the sub-magnetic coil section 8 having such a steep
gradient, a magnetic field of a uniform intensity distribution,
unlike in an arrangement without the sub-magnetic coil
section 8, is provided on the wafer W.

With the magnetic field intensity distribution made uni-
form as describe above, uniformity of plasma density is
improved and charging damage caused by plasma non-
uniformity is reduced. As a result, yield and reliability are
improved in the manufacture of semiconductor devices with
the etch chamber.

Providing the sub-magnetic coil section 8 in addition to
the main magnetic coil section 7 enables to produce many
types of distribution of the magnetic field intensity, not only
uniform distribution but also a distribution with the intensity
higher on the edge than in the center of the wafer W, or
higher in the center than on the edge of the wafer W.
Therefore, it is possible to adjust the magnetic field intensity
distribution so as to obtain the best uniformity of process
characteristics such as the etch rate and selectivity ratio.

Since the bent portions 8a are provided on both ends of
the sub-magnetic coil section 8, the magnetic field produced
with the bar component (horizontal component) and the
magnetic field produced with the pole component (vertical
component) of the sub-magnetic coil section 8 may be
balanced with each other.

Moreover, since the magnetic field intensity distribution
may be changed by only changing the current applied to the
sub-magnetic coil section 8, it is possible to adjust the
magnetic field intensity distribution for the best etch rate
uniformity, and to adjust the magnetic field intensity distri-
bution so that the charging damage is mitigated. In other
words, constituting the magnetic field generator 6 with the
magnetic coil sections (electromagnets) 7 and 8, unlike by
the use of permanent magnets, widens the applicability of
the magnetic field generator 6.

The arrangement of cooling the main and sub-magnetic
coil sections 7 and 8 by supplying cooling water or the like
to the frame 9 provides the effects as described below. That
is, since the magnetic fields produced with the main and
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sub-magnetic coil sections 7 and 8 offset each other as
described above, in case the currents are supplied for
example equally to the main and sub-magnetic coil sections
7 and 8, resultant intensity of the magnetic field decreases.
Therefore, in order to produce the intended magnetic field
intensity, current amounts supplied to the main and sub-
magnetic coil sections 7 and 8 must be increased, which
results in the increase in the heat generated and electric
power consumed. However, cooling the main and sub-
magnetic coil sections 7 and 8 restrains the heat generation,
and improves durability of the main and sub-magnetic coil
sections 7 and 8.

Another embodiment of the invention will be described in
reference to FIG. 37. In the figure, the same reference
numerals are provided to the same components or counter-
parts of those described in the above embodiment, the
description of which will be omitted.

In reference to the figure, a magnetic field generator 16 of
this embodiment comprises four main magnetic coil sections
17 placed around the reaction chamber 2 to produce a
magnetic field nearly parallel to the top surface of the
support pedestal 3, and four sub-magnetic coil sections 8
placed nearly coaxially with the respective main magnetic
coil sections 17 to produce a magnetic field of opposite
direction to that of the magnetic field produced with the
main magnetic coil sections 17. Both ends of each main
magnetic coil section 17 are provided with bent portions 17a
bent in the directions opposite of the reaction chamber 2.

As the bent portions 17a are provided on both ends of the
main magnetic coil section 17 as described above, the
difference between the distance from the support pedestal 3
to both ends of the main magnetic coil section 17 and the
distance from the support pedestal 3 to both ends of the
sub-magnetic coil section 8 increases. As a result, the
gradient of the magnetic field intensity distribution produced
with the sub-magnetic coil section 8 becomes steeper than
that with the main magnetic coil sections 17. Therefore, the
magnetic field intensity distribution produced with the sub-
magnetic coil section 8 further offsets the magnetic field
intensity distribution produced with the main magnetic coil
section 17, so that a magnetic field having a uniform
intensity distribution is produced on the wafer W.

The present invention is not limited to the above embodi-
ments. For example, while the above embodiments are
constituted that the sub-magnetic coil section is made
smaller in size than the main magnetic coil section and that
the sub-magnetic coil section is placed nearer to the support
pedestal 3 than the main magnetic coil section, the invention
is not limited to such a constitution. Concretely, it may be
constituted only that the sub-magnetic coil section is made
smaller in size than the main magnetic coil section, or only
that the sub-magnetic coil section is placed nearer to the
support pedestal 3 than the main magnetic coil section.

Moreover, with the above embodiments, it is assumed that
electric currents are supplied to the main and sub-magnetic
coil sections individually from the current supplies 10 and
11. However, it may also be constituted that a common
current supply is used to supply the same current to both of
the coil sections and that the ratio of the number of coil turns
of the main magnetic coil section to the number of coil turns
of the sub-magnetic coil section is variable. In that case, a
single current supply suffices for a set of main and sub-
magnetic coil sections and is advantageous in cost. In
another constitution for example, the ratio of the current
value supplied to the main magnetic coil section to the
current value supplied to the sub-magnetic coil section and
the ratio of the number of coil turns of the main magnetic
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coil section to that of the sub-magnetic coil section are fixed
so that the most uniform magnetic field intensity distribution
is provided.

While the above embodiment is also constituted that the
main and sub-magnetic coil sections are placed outside the
reaction chamber 2, they may be placed if possible within
the reaction chamber 2.

While the above embodiment is also constituted that the
main and sub-magnetic coil sections are constituted sepa-
rately, those sections may be made in a single section. In that
case, assembly and maintenance of the magnetic field gen-
erator are facilitated.

Furthermore, while the semiconductor wafer processing
chamber is a dry etching chamber in the above embodi-
ments, it is a matter of course that the present invention is
applicable to other types of semiconductor wafer processing
chambers such as a CVD chamber in which the plasma
formation is accelerated by the use of electromagnets.

While foregoing is directed to the preferred embodiment
of the present invention, other and further embodiments of
the invention may be devised without departing from the
basic scope thereof, and the scope thereof is determined by
the claims that follow.

The invention claimed is:

1. A magnetic field generator in a semiconductor substrate
processing system comprising:

a plurality of main magnetic coil sections for forming a
magnetic field generally parallel to a top surface of a
substrate supporting member, wherein each of the
plurality of main magnetic coil sections is oriented
substantially perpendicular with respect to the top
surface of the substrate supporting member; and

a plurality of sub-magnetic coil sections, where each one
of the sub-magnetic coil sections is associated with and
placed generally coaxially with each one of said main
magnetic coil sections, each one of the sub-magnetic
coil sections forms a magnetic field opposite in direc-
tion to said magnetic field formed by an associated
main magnetic coil section.

2. A magnetic field generator of claim 1, wherein the
dimensions of said sub-magnetic coil sections are smaller
than the dimensions of said main magnetic coil sections.

3. A magnetic field generator of claim 1, wherein said
sub-magnetic coil sections are placed nearer to said sup-
porting member than said main magnetic coil sections.

4. A magnetic field generator of claim 1, wherein said
main and sub-magnetic coil sections are placed around a
reaction chamber, and said sub-magnetic coil sections are
smaller in height dimension than said main magnetic coil
sections.

5. A magnetic field generator of claim 1, wherein said
main and sub-magnetic coil sections are placed around a
reaction chamber and both ends of said sub-magnetic coil
sections are provided with bent portions bent toward said
reaction chamber.

6. A magnetic field generator of claim 1 wherein said main
and sub-magnetic coil sections are placed around a reaction
chamber and both ends of said main magnetic coil sections
are provided with bent portions bent in the direction oppo-
site said reaction chamber.

7. A magnetic field generator of claim 1, further compris-
ing a first current supply for supplying electric currents to
said main magnetic coil sections and with a second current
supply for supplying electric currents to said sub-magnetic
coil sections.
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8. A magnetic field generator of claim 1 further compris-
ing a cooling means for cooling said main and sub-magnetic
coil sections.

9. A magnetic field generator of claim 8, wherein said
main and sub-magnetic coil sections are provided on frame
members, and

said cooling means is provided on said frame members

and provided with cooling passages for a coolant to
flow through.

10. A magnetic field generator of claim 1, wherein said
main and sub-magnetic coil sections are provided in four
sets.

11. A semiconductor substrate processing system com-
prising:

a supporting member for supporting a substrate and

placed in a reaction chamber,

a plasma forming means for forming plasma in said

reaction chamber, and

a magnetic field generating means for generating mag-

netic field in said reaction chamber to accelerate said
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plasma formation with said plasma forming means,

wherein said magnetic field generating means com-

prises:

a plurality of main magnetic coil sections for forming
a magnetic field generally parallel to a top surface of
a substrate supporting member, wherein each of the
plurality of main magnetic coil sections is oriented
substantially perpendicular with respect to the top
surface of the substrate supporting member; and

a plurality of sub-magnetic coil sections, wherein each
one of the sub-magnetic coil sections is associated
with and placed generally coaxially with each one of
said main magnetic coil sections, each one of the
sub-magnetic coil sections forms a magnetic field
opposite in direction to said magnetic field formed
by an associated main magnetic coil section.



